We report on observations of the supernova remnant Cassiopeia A in the energy range from 100 MeV to 100 GeV using 44 months of observations from the Large Area Telescope on board the Fermi Gamma-ray Space Telescope. We perform a detailed spectral analysis of this source and report on a low-energy break in the spectrum at 1.72
Introduction 9
With an age of ∼ 350 years, the supernova remnant (SNR) Cassiopeia A (Cas A) is one 10 of the youngest objects of this class in our Galaxy. It is also one of the best studied objects 11 with both thermal and non-thermal broad-band emission ranging from radio through X-ray to the updated instrument performance, the point-spread function of the LAT gives a 68% 55 containment angle of < 6
• radius at 100 MeV and < 0.
• 3 at > 10 GeV for normal incidence 56 photons in P7SOURCE class. The sensitivity of the LAT for a point source with a power 57 law photon spectrum of index 2 and a location similar to Cas A is ∼ 9 × 10 −9 ph cm −2 s −1 for 58 a 5σ detection above 100 MeV after 44 months of sky survey. Our analysis takes advantage
59
of both the increase in data quantity and quality.
60
In this letter, we describe our analysis method in § 2, present the Fermi results in § 3,
61
and then discuss the gamma-ray emission mechanism of Cas A in § 4. data). The analysis was performed in the energy range 100 MeV-100 GeV using the LAT Sci-
66
ence Tools 1 as well as an independent tool pointlike. In particular, we used the maximum-
67
likelihood fitting packages pointlike to fit the position and test for significant spatial exten-68 sion of Cas A, then with the updated localization result we used gtlike to fit the spectrum 69 of the source. Our analysis procedure is very similar to that of the second LAT source cat-70 alog (2FGL, Nolan et al. 2012 ). When analyzing the data, we used the P7SOURCE class 71 event selection and P7 V6 instrument response functions (IRFs, Ackermann et al. 2012b ).
72
In order to reduce contamination from gamma rays produced in the Earth's limb, we ex-
73
cluded events with reconstructed zenith angle greater than 100 • , and selected times when 74 the rocking angle was less than 52
• .
75
Emission produced by the interactions of cosmic rays with interstellar gas and radiation 76 fields substantially contributes to the gamma-ray intensities measured by the LAT near the 
101
The best fit position of the source, in Galactic coordinates, is l, b = 111.
• 74, −2.
• 12, with a 102 statistical uncertainty of 0.
• 01 (68% containment). To account for the systematic error in 103 the position of Cas A, we added 0.
• 005 in quadrature as was adopted for the 2FGL analysis 104 (Nolan et al. 2012) .
105
This location is only 0.
• 02 away from the central compact object (CCO) (Pavlov & Luna 106 2009), as shown in Figure 2 . This confirms that the GeV source is most likely the γ-ray significantly spatially extended (TS ext = 0.1) and has an extension upper limit of 0.
• 1 at 110 95% confidence level. Note that this upper limit is larger than the shell of Cas A. 
Spectral Analysis

112
We performed a spectral analysis of Cas A in the energy range from 100 MeV to 100 GeV 113 using gtlike. We first fit Cas A with a power-law spectral model and found an integral flux 114 of (6.17 ± 0.43 stat ) × 10 −11 erg cm −2 s −1 in the energy range from 100 MeV to 100 GeV and 
117
We then tested for a break in the spectrum of Cas A by fitting the spectrum with a smoothly-broken power-law spectral model
Here, N 0 is the prefactor; E 0 is a fixed energy scale (taken to be 1 GeV); E b is the break 118 energy; Γ 1 and Γ 2 are the photon indices before and after the break, respectively; β is a 119 small, fixed parameter that describes the smoothness of the transition at the break (taken 120 to be 0.1).
121
We tested for the significance of this spectral feature using a likelihood ratio test:
where L is the Poisson likelihood of observing the given data assuming the best-fit model.
122
We obtained TS break = 48.2, indicating that the break is significant. The resulting spectral 123 parameters are quoted in Table 2 .
124
We then computed a spectral energy distribution (SED) in 8 bins per energy decade by 125 fitting the flux of Cas A independently in each energy bin (the lowest 6 bins were combined 126 into 3 bins). The SED of Cas A, along with the all-energy spectral fit, is plotted in Figure 3 . We estimated the systematic errors on the spectrum of Cas A due to uncertainty in our 132 model of the Galactic diffuse emission and due to uncertainty in our knowledge of the IRFs 133 of the LAT.
134
To probe the uncertainties due to the modeling of Galactic diffuse emission we use a se- 
159
Even though there is significant systematic uncertainty in the spectral model of Cas A 160 at lower energies, TS break was greater than 20 using all of the alternative diffuse models and 161 is therefore robust against this systematic uncertainty.
162
We estimated the systematic error due to uncertainty in the IRFs using the method 163 described in Ackermann et al. (2012b) . Following this method, we set the pivot in the 164 bracketing IRFs at 2 GeV, near the spectral peak in our SED. Again, we found the spectral -7 -break to be robust against uncertainty in IRFs.
166
The systematic errors on the estimated spectral parameters due to both systematic 167 uncertainties are included in Table 2 . • 1. Also shown are the 2FGL sources included in our background model (blue crosses) and the new sources we added in (green stars). Note. -The spectral and spatial parameters of the new sources found in the region surrounding Cas A. l and b are the Galactic longitude and latitude of the source and TS is the significance of the detection of the source (in the energy range from 100 MeV to 100 GeV). The sources were modeled with a power-law spectral model and the flux is computed from 100 MeV to 100 GeV. Note. -Spectral fit of Cas A assuming a smoothly-broken power-law spectral model. Energy flux is quoted from 100 MeV to 100 GeV. ∆ stat is the statistical error; ∆ sys,diffuse is the estimated systematic error due to uncertainties in modeling the Galactic diffuse emission; ∆ sys,IRFs is the estimated systematic error due to uncertainty in our knowledge of the IRFs of the LAT. ∆ sys is derived by adding the two components of systematic errors in quadrature. Fig. 3. -The spectral energy distribution of Cas A. The black points include statistical error only and the blue cross points include both statistical and systematic errors added in quadrature. The black upper limits consider only statistical effects and are calculated at 95% confidence level using a Bayesian method. We plot an upper limit instead of a data point when TS < 4. Blue upper limits have included systematic uncertainties. The red line is the best-fit spectral model assuming a smoothly-broken power law. The dark shaded region represents the statistical error on the spectral fit and the lightly shaded region represents the systematic and statistical errors added in quadrature. Also shown are the spectral points measured in Paper I (green points). The contours correspond to integrated intensity of the CO line and represent the column-density distribution of the molecular complex associated with NGC 7538 and Cas A (this is the same CO intensity map of the Perseus arm with the same velocity range of integration as described in Abdo et al. 2010b ). The CO map was smoothed using a Gaussian kernel of 0.
Discussion
• 5. Contours of 8, 29, and 50 K km s −1 are shown. 
202
The gamma-ray emission models are constrained by the gas and radiation density and 
266
If confirmed, efficient acceleration of particles to PeV energies in Cas A is questioned.
267
The Fermi -LAT results on two historical SNRs, Tycho's SNR (Giordano et ejecta is similar to that in the forward shock region. Therefore, the total proton content estimated here can be interpreted roughly as a sum of the cosmic-ray contents in the forward shock region and that in the reverse-shocked ejecta. This preprint was prepared with the AAS L A T E X macros v5.2.
